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ABSTRACT (Cont'd)

- ffects of multiple charges could be determined. A model analysis vas developed
"and used to design and interpret the model experiments.

In the experiments, pentolite spheres modeling potential explosive sources
were detonated near a reflecting surface. Blast measurements were made directly
below the charges and at various slant distances using piezoelectric transducers.
The impulse was obtained by numerically integrating the pressure traces. Plots
of peak pressure, impulse, duration and arrival time are presented and the differ-
ences between single and multiple charges are highlighted.
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MINI

INTRODUCTION

This report describes an experimental program conducted by Southwest
Research Institute (SwRI) for the U.S. Army Armament R & D Command, Dover,
New Jersey under Contract Number DAAA21-76-C-0254. As part of the Artv
Plant Modernization Program, air blast parrmeters have been measured in t|h
past for single explosive sources, and propellents and pyrotechnics in their
in-process and final product forms.

In a plant process there are often multiple explosive sources within
a single room, on a conveyor or near a barricade. Currently, structures
which may be loaded by simultaneous or near simultaneous multiple detona-
tions are designed according to Section 4-17 of Reference 1 According to
this document, the impulse loading on the structure is appr.,ximated by the
numerical sum of the impulse which would be generated by each individual
explosion whenever the combined duration is less than 1/3 of the response
time of the structure. For combined durations longer than 1/3 the struc-
ture response time, the actual pressure-time history shoulV he replaced by
a fictitious peaked triangular pu'se similar to that for a single explo-
sion. The objective of this progr'am is to investigate blast phenomena
near a reflective surfa:e due to multiple simultaneous detonations at
small scaled distances This information will be used to supplement the
information contained in Reference 1. Eventually, it is hoped that this
information will lead to a more realistic design of buildings used for the
manufacture of explosives and propellents.

In this program, the blast parameters of several charge geometries
w,?re measured at different charge spacings and standoff distances. At large,
distance,-, the shock fronts from 3everal charges detonated simultaneously
should coalesce and be more or less indistinguishable from that of a singlc
charge with nn equivalent amount of explosive. ro ensure that measurements
were made before the individual shock fronts had begun to coalesce, the
transducers were placed at small scaled distances (Z < 1.2 m/kgl/3 or
3.0 ft/lbl/3). Since this was an explu:'atory program, the tests were organ-
i-ed in the following manner.

The number of ohargcs was held constant at three,

* All three charges were detonated simultaneously.

The in-process explosive sources were simulated with
Composition B spheres.

Three charge geometries were investigated: Grouped, Horizontal
and Vertical Arrays.

The spacing between charges in the horizontal and vertical
array tests was uniform.

The blast parameters measured included peak pressure, specifiv im-
pulse, positive duration and time of arrival. The pressure-time traces
were recorded with piezoelectric transducers and the impulse was obtained
by integrating che pressure histories.



A total of 44 tests was conducted in tour test geometries. Nine
transducers were placed at regular intervals in a straight line. The test
charges were suspended above a reflective surface at scaled distancep rang-
ing from 0.335 m/kgl/3 (0.84 ft/lbl/ 3 ) to 1.18 m/kgl/ 3 (3.0 ft/lbl/3).
Each charge was initiated with an exploding bridgewire detonator. A series
of single charge tests was used to establish a baseline from which the
relative blast output of multiple versus single charges could be de'ermined.
This series of tests was also used to check out the instrumentation system,
for calibration and to validate the model analysis. A series of tests In
which three charges were grouped together was conducted. These tests were
designed to determine whether charges packed together behave the same as
a single charge of equivalent weight. The horizontal array tests may be
thought of as simulating a conveyor system or explosive sources distributed
horizontally. Charge spacing and standoff distance were varied in thebe
tests. Of particular interest in the horizontal array tests was the possi-
bility of regions of etthanced pressure and impulse between the charges.
The final tests were conducted to determine the blast output of charges
suspended above the ground in a vertical array.

In this report a technical discussion is given in which the model law
is developed. The model law was used to design the experiments and interpret
the data. The section entitled Experimental Program outlines the test
program, the instrumentation used to measure the blast parameters and the
data reduction methods. The resulting data are presented principally in
the form of graphs. Comparison of the blast output of single and multiple
charges is made, and tables of all the test data are included as an
Appendix to this report.
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TFO'IN ICAl. 01 3,CSSION

Teblast outpuit from thet detonat ion of as ingle explosive souirce in

thle f re' f i veId hias been wellI d,!f i ted f or many vea rs. A Complett e
descript ion of thle blast outiput is fouind tit Refer ence 2. To
bet ter describ tit 1at stc oftl iutan eous detonttttion t
several cirges , a shiort kitsct' iplt it'l of thet blast output from a ."inglt'
chuarge is appropr tate.

When anl exp los ive soutrce is detonated, thet rap id rel1ease of energy
causes a sudden increase tit tressure in tile timmed late vic in ity of thle
source. The0 reg ion of high pressuire or shov'z front is character ized by
a ntear instantaneous A cnreiAse t rOmi ambieont cond it ions ( i.ev. , pressure,.
1'art.1ce vc~eloc ity, densIitv and temperature) to peak shiock front condi-
t tonIs. The sh~ock front ex\pands radia liv from tihe cetier of thle source
at a decreasing rate. Thet time variat ions oft blast parameters oft pres-
sure, denisits', particle voloc itiv and tempeiratuire at anyv point awav trom
t.he charge center have s timilar charac teri1st ics. Pressuire is shiowi tin
Figure 1 . Tile shock front arlye s ait thle point tin quest ion at some t ine,
ta,. and, the pressure rises almost instantaneously to thle peak v'alue. P,.
Th. -ressurv then decays exponeint lal v to the amblent pressure tin .i

t ime. d . Th period from thle In it ial arr ival (iot thle shiock tnut i thle
Pressure has d~cayed to tile ,imb ent conditions is known as tile positive

phare-ý duirat ion. l'hereaf t er tile presstire drop's be low the ambient conld -

t ion for a time longer t han thle posit ivt phiase before, returnintg to thet,
init tal v.111t0. T11 is por iod is kuowti as theit negat ive phase ditrat ton.
Alt hough all oit thet b~last parameters .rt'V somewhat similar, tile actual
p~ositivye anid negat ive phast' duirat ions t or pressure are not neceissari lY

hie same t or thet ot her hOlOkV fronlt parame terms

Consider now thle case of threev charges detotiat lug simultaneously. The
thiree chargeos will each produce soparaz e, sioc'k fronts whitch will arr ive at

s11me point ill splace,, sequtent tiai ly. A\s thle oberval ion ploint moves farthevr
from thet chiarges, t he later arr ivinlg shock waves will beg in to ovt'rt ake thle
Wit (al shock. Thist- is becauise thle initial shock front compresses and

hleat- til w nd 1sti urbed air as it pst's trough, and inl add it ion, impartsa

velkc I ti, tv t o t !te a ir patr t i c I v s i in it thdirc t i on o f shoc k p ro paga t Iiltn. Thler '-
fore.* thle subseiqut'nt shocks t ravel1 thlrough a warmer. denuser e'nv ironment
thvan the initial shock whichi is aliso" mo'ving Inl thle direct ionl Of t ravel of

hie first shock. S Ince the shock veloc ity' of o glas is, an increasing ftinc-
t ion of t empt'rat urt , thet secondary shocks will1 travel faster thlan thle
i nit IalI shoc k. At some point tit spact, thle thret' individual shocks will
clesVct' an11d be' similar at thie same di.stance to a shock 1iwuerated from a1
single expllosive charge withi a mass ey.to thle total of thle three, charge
massesA. Thuts thle chiaracter 1st ic shiapet of thle pressure at some point ill
space' may vary trom a single shiock fi out, such as in Figure 1. to three
di1st inc t shlock froýnt arr ival s. Fact ors govterninug thle t vpe of press5ure trace
ob iak ted at a given locat ion arc thle size oif the ind ividual olharges, thle
d i st ,ntil be'twee'n chiarges anid thle location of thet point inl qutest ionl.



Blast Parameter Scaling I
Experimental studies of blast wave phenomena are often difficult

and expensive, particularly when conducttd on a large scale. Methods of
computation of blast wave characteristics are often so involved that one
cannot economically repeat these computations while varying, in a systematic
manner, all of the physical parameters which may affect the blast wave.
Almost from the outset of scientific and engineering studies of LIr blas'.,
various investigators have attempted to generate model or scaling laws which
would widen the applicability of their experiments or analyses.

The most common form of scaling, familiar to anyone who has had even
a rudimentary introduction to blast studies, is Hopkinson or "cube-root
scaling. This law was first formulated by B. Hopkinson (Reference 1) and
independently by C. Cranz (Reference 4), and states that self-similar blast
waves are produced at identical scaled distances from two explosive charges
of similar geometry and identical explosive material, but of different size,
which are detonated in the same atmosphere. The implications of Hopkinson-
Cranz scaling can perhaps be best described by the example illustrated in
Figure 2. An observer located a distance R from the center of an explosive
source of characteristic dimension d will be subjected to a blast wave with
amplitude (peak overpressure) P, duration td, and a characteristic time
hii. tory. The positive impulse I of the blast wave, defined by

"-t + td
W p(O~dt(1

t
a

where ta is arrival time of the shock front and p(t) is the wave form of the
time-varying overpressure, is often used to characterize the blast
wave. The Hopkinson-Cranz scaling law then states that an observer
stationed a distance AR from the center of a sl.milar explosive source of
characte-istic dimension Xd detonated in the same atmosphere will feel a
blast wr'e of similar wave form, identical amplitude P, duration Xtd, and
impulse UI. All characteristic times such as arrival time ta are scaled
b\, the same factor as the length scale factor A. In such scaling, both
pressures and velocities are unchanged at homologous times.

Honkfixson-Cranz scaling has been shown by many investigators to apply
over a very wide range of distances and explosive source energies. An
example of early published work is that of Stoner and Bleakney (Reference 5)
which showed that such scaling would apply for a limited range of dAstances
and source energies. The list of other investigations corroborating this
law is too lengthy to include here, but a report by Kingery, et al.,
(Reference 6) showing very good agreement between blast data obtained during
a field test with a 100-ton TNT detonation and predicted values scaled from
experiments with I- to 8-lb charges, will serve to indicate the usefulness
of this ubiquitous law. It has, in fact, become so universally used that
blast data are almost always presented in terms of the Hopkinson-scaled
parameters:

4



"1/3

Z - R/W /3 (scaled distance)

1/3T - T/W (scaled time) (2)

r, - INW1/3 (scaled impulse)

This law implies that all quantities with dimension of pressure and velo-
city are unchanged in the scaling. Thus, side-on pressure, dynamic
pressure, and reflected pressure all remain identical at homologous times,-,
and both shock velocity and time histories of particle velocltv are un-
changed.

Model Analysis

In a program such as this one, it is often beneficial to conduct a
model analysis prior to the beginning of testing. The purpose of the model
analysis is to design a series of scaled experiments which will simulate in
a realistic fashion the pressure-time histories of large-scale or pro.otype
detonations of multiple charges. Tb'- problem addressed by the model
analysis developed below is that of three charges detonating simultaneously.
The charges are suspended above an infinitely long, infinitely wide and
infinitely stiff reflecting surface. The object of the model enalysis is
to develop the scaling relationships for the pressure and impulse which
are applied at various points along this surface.

The first step in developing a model analysis is to list all the para-

meters which are required to characterize the phenomena. Table I is a
list of the 24 parameters which are required to characterize the explosive
charge, the atmospheric conditions, the shock front, charge locations and

the reflecting plane. To characterize the explosive charge, the energy
release of the explosive, E, charge radius r, density Pe, detonation velo-
city ae, and the explosive products specific heat ratio )e are required.
The effective limit for explosive detonation g is listed because, as
is well known, there exists a minimum charge linear dimension below which
It is impossible to initiate or propagate a detonation. This parameter
will define a lower limit for the scale at which the tests will be con-
ducted.

The medium in which the detonation occtrs is characterized in the
analvsis by the ambient air pressure Pa, sonic velocity in air aa, ambient
air density 0a, ambient air temperature 0 a, the specific heat ratio of
air, 'ya and the specific entropy, S. The shock itself is characterized
by the velocityUi, gas density ps, particle velocity us and a shock front
temperature 0s.

The remaining parameters are used to characterize the geometry of
encounter and the responses to be measured. In this program it is desired
to measure the pressure P and impulse I as a function of time t, as well
as the arrival time of the shock wave ta and the shock wave duration td.
The position of the point where responses can be determined by three
coordinates: the standoff distance R, the shock front encounter angle P,
and the spacing between charges,si.

5
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The second step in developing a model law is the derivation of scaled
quantities, called pi-terms, from the list of important parameters. The
procedure of deriving the pi-terms is described in Chapters 2 and 3 of

Reference 7. For brevity, only the resulting pi-terms are presented here.
Twenty pi-terms can be derived from the 24 parameters listed in Table 1.
One possible set of pi-terms, or nondimensional quantities, Is listed in
Table 2.

The first four pi-terms are statements of geometric similarity. That
is, all lengths in the prototype must be scaled by the constant X in the
model for the two systems to be equivalent. The shock wave encounter
angle $ is identical in equivalent systems. Pi-terms five to seven state
that similiar explosives must be used in the model and prototype systems,
and pi terms six to eleven require that similiar atmospheres exist in the
model and prototype systems.

Pi-terms 13 to 19 are the response pi-terms in this analysis. These
terms impose no restrictions on the model, but rather define how LO scale
the model measurements of pressure, impulse, arrival time and duration in
order to make prototype scale predictions of the same parameters.

All twenty pi-terms listed in Table 2 can be satisfied providing
replica modeling is used. In a replica model, the same materials are used
in the model and prototype systems, and all geometric quantities are scaled
by the scale factor A. By examination of the remaining pi-terms, the scale
factors for quantities other than length can be established. The use of
the same explosives and atmosphere in the two systems implies that all
densities, temperatures and specific heats will be identical in the model
and prototype systems. Since the same atmosphere is used, pi-terms 7 to 9
further imply that velocities and pi-term 16 implies that pressure will be
Invariant between systems. That tKe scale factor for energy is A 3 can be
established by observing 716 and noting that the scale factors for pressure
and length are 1.0 and A respectively. Similarly,r 1 9 shows the scale
factor for impulse is A, and f20 shows the scale factor for time is A.

Table 3 summarizes the replica scaling law for miltiple detonations.

The rp[;cha model law is tssentially an extention of the Hopkinson-Cranz
scalin[g of blast parameters. Several pt-terms have been added to
act ount for the extra parameters needed to characterize the test geometry
and to account for the fact that the initial blast front compresses,
heats the initially undistrubed air and imparts a net velocity in the
direct ii of shock front propagation.

The model analysis developed above was used to design the model experi-
ment so that the prototype situation, three charges detonating simultaneously
near a reflecting plane, could be modeled accurately, and smc that the para-
meters required to created a blast-resistant structure would be available.
Ttic designer primarily needs to know the pressure and impulse acting on a
structure and he will sometimes use duration measurements when they are
available. Arrival time measurements are useful when multiple shock fronts
are present.

6



If one were to write an equation for the pressure, impulse, time of
arrival or duration at some point on the target, he would be defining a 12 F
parameter space. That is, each of the responses is a function of the
first 12 pi-terms in Table 2. However,many of the parameters in each of

the pi-terms are essentially constant and may be eliminated from the
analysis without significant loss of accuracy. For example Ye, Pet ae,
Pat aa, Pat Ya and Oa are all invariant. If the size of the charge is
above the minimum size required to sustain detonation, the effective limit
for explosive detonation g may be ignored. Under these circumstances, the
following functional relationships for pressure, imtpulse, arrival time and
duration can be written:

sii
P Rf (3)

' R 1/3 R

t (r sit•tE1 /3  2 \R 1/3 R

ItS

S"4 R' R'(5)

t' d s i 1 (6)

In this program only one explosive type will be used; therefore, the para-
meter E can be replaced by the charge weight W, resulting in a more
familiar form for Equations 3 to 6. In addition,if we recognize that only
the peak value of pressure and the impulse will be used by designers, the
following relations are obtained:

P =fl R' si 4 p R (7)

-.-/3 ½ (' 2' ( 1/3) (8)
w w

7



aI''' f3 RRR W- (9)
I(. ,i .

d r 8 ý (10)

w1/3 4 -RE' _R 'w 1/3

The data accumulated during this program can be used to predict full
scale measurements of P, I, ta and td provided the prototype experi-
ments use the same explosive and the measurements are made over the same
range of values of the six parameters in the above functions. The equation
relating the four responses to the independent variables is not derived
as part of this program; instead the data are presented in a graphical
form. Only the peak values of the pressure and the impulse are presented
and all four responses are plotted as a function of 4ý and R/W1 / 3 . Separate
plots for the different charge geometries are presented.

8
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EXPERIMENTAL PROGRAM

General

The objective of this test program was to investigate the blast effects
on a barricade due to the simultaneous detonation of three charges at smill
scaled distances. To accomplish this objective, a technique for measuring
the blast pressures and impulses at scaled distances of 0.32 to 1.2 in/kg
(0.80 - 3.0 ft/1b1 / 3 ) was devised. The program consisted (t exploding
either one or three spherical Composition B charges at various distances
above the ground surface. The Composition B charges were cast by The
Explosive Processing group of the Naval Surface Weapons Center, White Oak
Laboratory, Maryland, and had relatively uniform mass and diameter. Pre.-
sure-time histories were recorded with piezoelectric transducers mounted
in metal canisters buried in the ground. Impulse measurements were obtained
by integrating the pressure-time histories.

The program consisted of four series of tests as summarized in Table 4.
In Test Series 1, a single charge weighing either 0.65 kg (1.43 ib) or
2.29 kg (5.05 lb) was detonated from 0.29 to 1.56 m (0.95 - 5.13 it) above
the reflecting plane. This series of tests was conducted to validate the
experimental technique and transducer calibration by generating data which
could be compared directly with data in the literature. In addition, this
series of tests served as a baseline from which the effects of three charges
detonating simultaneously could be evaluated. Test Series 1A was conducted
to examine the validity of the model law by detonating a different scaled
size charge at an equivalent scaled distance. A total of 15 Series I tests
wa.s conlyited at four different scaled distances: 0.335, 0.5, 0.672,
1.2 m/kg (0.84, 1.25, 1.70, 3.0 ft/lbl/ 3 ). A schematic diagram of the
charge placement and gage positioning Is given in Figure 3a.

Test Series 2 was conducted to determine how the blast output of Lhrov
charges which are grouped together differs from the blast output of a
single charge. The test configuration for this series is shown schematically
in Figure 3b. Notice that the standoff distance R is measured in this case
as the distance from the ground surface up to the center of mass of the
three charges. A total of nine tests at the three sca ed distances, Z
0.478, 0.716 and 0.960 m/kgl/3 (1.2, 1.81, 2.42 ft/lbl/3), was conducted
In Test Series 2. For the grouped array tests, the total weight of the
three charges was used In computing the scaled distance Z. This con-
vention facilitates comparison with the single charge test results.

Test Series 3 was conducted to investigate the variations of blast
output of three charges which are distributed in a horizontal array for
various charge spacings and standoff distances. The test configuration
for this test series is shown schematically in Figure 3c. A total of 16
tests was conducted in this test series. Three scaled distances were
investigated, Z - 0.719, 0.960 and 1.19 m/kg1/3 (1.81, 2.42, 3.01 ft/lbl/ 3 ),
as well as three charge spacings, s - 0.366, 0.71 and 1.07 m (1.2, 2.33
and 3.5 ft). Of particular interest in this test series was the possibility
of regions of enhanced pressure or impulse at gage locations between
charges over what would be expected if only one charge was present.

9



The final test series was designed to investigate the blast output of
three ch~arges which e~re placed in a vertical array. This situation is
shown schematically in Figure 3d. A total of fou tests was conducted at
a scaled distance, Z - 0.51 si/kgl13, (1.29 ft/lb" 3), and a charge spacing
of 0.145 m (0.475 ft). As was the case for the grouped charge arrays, the
standoff distance, R, is measured from the ground surface to the center
of mass of the three charges, and W is the total charge weight. This con-
vention is used to facilitate comparison with the single charge test
results.

Transducer Placement

in order to perform the measurements, a reflective surface, capable of
withstanding the loads due to the exploding charges and of holding the
transducers in place, had to be designed. After some consideration, it was
decided to use the ground as the reflecting plane rather than a more con-
ventional test stand, because in some tests the three charges would have a
separation distance of as much as 2.08 m (6.8 ft). In order to satisfy
the assumption in the model analysis that the reflecting plane was
effectively infinite in extent in all horizontal directions and infinitely
stiff, a conventional steel test stand would have to be wider, longer
and thicker than was practical, therefore, the ground, which has infinite
dimensions and stiffness, was chosen as the most ;advantageous reflecting plane.

The gages were installed in separate fixtures, as shown in Figure
4. Each canister had provisions for removing the 6urface plate so that the
transducer and cable could be serviced without taking the canister
out of the ground. The bottom cavity of the canister in Figure 4 was
designed to hold several coils of microdot cable, to allow enough slack to
remove the cover plate and transducer. The cable exited the canister
through a NPT coupler and up to the ground surface. The portion of the
cable outside the canister was encased in 1.59 cm (0.625 in) garden hose.
Water tightness of the entize assembly was assured by using gaskets between
the surface and base plates,and by sealing both ends of the garden hose with
silicon rubber.

Three different transducer types were used in this program, and all
three types could be used with the canisters. The PCB 102A03 transducer
threaded directly onto the surface plate as shown in Figure 4. The
remaining two transducer types threaded into cylindrical plugs 3.19 cm
(1.25 in) in diameter and 3.10 cm (1.22 in) tall. Steel plugs were used
with the PCB 109A02 gages while silicon ruibier plugs were used with
Susquehanna Instruments ST-2. The plugs protruded slightly above the
canister body so that no movement of the plug was possible once the surface
plate was instalted. The transducer protruded 0.635 cm (0.25 in) above theI canister body so that the sensitive diaphragm was flush with the surface
plate. Gaps between the transducer and surface plate were filled with
modeling clay to provide a uniformly flat top surface.

The canisters were buried in the ground so that the surface plate and
the transducer diaphragm were flush with the ground surface. The transducer
cable enclosed by the garden hose exited the ground a minimum of 1.22 mi
(4.0 ft) from thie gage line. The nine canisters were buried at 0.361 mi
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(1.18 ft) intervals. Once the transducers were placed, they remained inl
the ground in their original positions until the test program was completed.

Test Procedure

All 44 tests were performed at an outdoor explosives site on the SwRI
grounds. A typical test was conducted by first installing the pressure
transducers in the nine canisters. The type of transducer instailed at an\i
measurement location was determined by the pressure expected to he
generated by the test. While the Instrumentation was being readied, the
ground surface surrounding the canisters was leveled. On many occaisions
It was easier to remove the top 0.8 to i.b cm (0.31 - 0.62 in) ti soil and
replace it with new soil, as previous tests had compacted the soil to the
point where it was unworkable. After the ground surface and Inst rumentation
was prepared, the charge was suspended fcom a bar 2.44 m (8 ft) high at
the correct standoff distance above the ground. The charges worre held Il
place above the gage line by light string running to two points on the
ground as shown in Figure 5. After all charges had been secured, a final
electrical continuity check of all firing and instrumentation l inos wa:,
made; the detona tors were placed in the center of tho sphetivr'al ch1 rhtar
and positioned so that no fragments would he likely to strike thc wransdi'icr.
The detonators used in this program were Reynolds Industries RP-81 electronic
bridgewire detonators. These EBW's are used extensively where simultaneity
of detonation of multiple charges is desired. When connected in series, up
to 8 charges can be detonated with a simultaneity riot worse than 0.125 its.
After the detonators were placed and the area cleared, the exploding bridge-
wire firing system was triggered. The data were recorded on magnetic tape
and five channels were backed up by Biomation recorder. Oscillograph records
were made from the data on mng.ietiv tape and polaroid prints made of the lio-
mation recordings. Typical d.!mage to the ground surface produced by a test is
shown in Figure 6.

Instrument at Ion System J
Several different transducers werc used in this project to obtain the

pressure-time data. Each transducer was selected depending on the peak
pressure expected at a given measurement location. The majority of the
data were recorded using piezoelectric transducers, although a few
measurements were made with a pitzoresistivo type.

The piezoelectric transducers utilize a ceramic or crystal to generate
an electrical charge which is proportional to the stress imparted by the
blast wave. Two models, 102A03 and 109A02, made by PCB Piezotronics and
one model, ST-2, made by Susquehanna Instruments were used in this proeect.
The PCB transducers use a quartz sensing element with a resonant frequency
of 500 kHz. The model 102A03 has a pressure range of 6.9 to 138,000 kPa
(1-20,000 psi), while the model 109A02 has a range of 13.8 to 827,000 kP1a
(2-120,000 psi). These two models are made to withstand up to 20,000 g's
of shock acceleration. They contain a built-in amplifier which provides a
low impedence, voltage-mode output for improved signal-to-noise ratio,
long-line driving capability and good low frequency response as compared
to the high impedence, charge-mode output of other piezoelectric trans-
ducers.
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The Susquehanna ST-2 transducer uses a lead-metaniobate sensing ele-
ment having a natural frequency of 250 kHz and a pressure range of 0.69 to
3,450 kPa (0.1 to 500 psi). The one piezoresistive transducer used was a
Kulite Model HFG-375-1,000 having a natural frequency of 500 kHz and a
pressure range of 0-6,000 kPa (0-1,000 psi). This unit was balanced,
calibrated and powered with a B&F Model 1-700 signal conditioner. The out-
put was amplified with a B&F Model 702A-IOD differential amplifier having
a frequency response of 0-100 kHz before being recorded on magnetic tape.

The piezoelectric transducers were connected as shown in Figure 7.
Their outputs were also recorded on an Ampex FR-1900 Wideband 11 magnetic
tape recorder which has frequency response of 0-500 kHz at a record speed
of 3.05 m/s (120 ips). The data were played back with a reduction speed
ratio of 64 into a Bell & Howell Model 1-124 oscillograph recorder with
a 5 kHz CEC response galvanometer. The resultant frequency response of the
playback system was then 0-320 kHz. For quick-look analysis, the output
of some of the transducers was redundantly recorded on Bio•i-tion Models
802 and 1015 transient digital recorders with a frequency response of at
least 0-50 kHz.

The pressure transducers were dynamically calibrated using a hydraulic
calibrator consisting of a triangular chamber filled with oil. Two
symmetric ports are provided for flush mounting a reference and a test
transducer. The pressure pulse is generated by dropping a weight down a
guide tube onto a piston which extends through the top of the chamber.
This device produces a half-sine, positive pressure pulse with peak
amplitudes from 0.7 MPa (100 psi) to more than 100 MPa (14,500 psi) and
rise times of I to 2 milliseconds. Different weights and drop heights are
used to vary the peak amplitudes. Figure 8 shows samples of typical
calinration pressure pulses. The reference piezoresistive transducer
used wa-; fitrt calibrated using a dead-weight hydraulic tester to check

"its sensitivity. It in turn, was used to determine the pressure input to
"the test trannsducer.

Data Reduction

The oscillograph traces and polaroid photographs obtained from each
te,-,t were used to obtain peak pressures, positive impulses, arrival times
and positive phase durations. The data were reduced by manually digitiz-
tnj, the rctLrdts using a Hewlett-Packard Model 9830 microprocessor and a
, Iet ', -Pickaird Model 98b4A digitizing plotter. The BASIC program which
.as used to digitize the pressure-time traces also performed the
following services:

I. integrate the pressure-time trace

2. retain peak positive impulse

3. retain arrival time of each blast front

4. retain peak pressure associated with each blast
front arrityhl

5. retain total poritive duration

12



The pressure impulse and time traces were plotted for each test tn the

format shown in Figure 9. In addition, the pressure-time trace was

stored on magnetic tape along with items 2-5 listed previously. After

all the data tied been reduced for a given test, a separate program was

used to print a surmiary of items 2-5 in a convenient form for checking

errors and plotting the data. The data are printed Sy this program~ in

both scaled and raw form.

13



EXPERIMENTAL RESULTS

-General

The results of the experimental program are presented [it this section
in graphic form. Tile seallug law derived in the model analysis and pre-
sented in equations 7-10 states thtat pressure, impulse, positive duration
and time of arrival are a function of tile sealed distance Z, the sca'led
charge separation sj/r and the shock front encounter angle •*. In tile gen-
eral solution, a five parameter space must be considered to properly scale
the data. Tile results presented in this section, however, define a four
parameter space. This is because the scaled charge size, r/K, was held
relatively constant during tile test program (0.0425 , r/R- 0.154). This
fact does not negate the model law, but only places a restrict ion that tile
use of this data be limited to situations where /R is in the range of
0.042' to 0.154. Care should be exercised whenever the data presetnted in
this report is used for predictions outside this range in r/R.

In this section, graphs of pressure, scaled spec ific impulse, scaled
positive durat ti•n and scaled time of arrival are presented as a funct ion of
tile scaled position. At each value of x/R, thle average response parameters,
along with the maximum and minimum recorded values, have been plotted while
taking advant age of tile symmetry about PS in the transducer array. Measure-
ments at PI and p), tor exomipte, are plotted together. Where appropriate,
two curves are presented on each graph. The first is a solid line drawn
through the average points as near as possible while m. intaining a smooth
transition from point to point and the correct slope (zero) at x/R - 0.
Tile second line is transferred from the appropriate single charge figure and
it presented such that tile relative blast output of a single charge versus
,l t iple charges can be visualized itn a convenient manner. In order to
easily' visoalIt':c thle differences between different scaled diistances or charge
spat-igs, all of tile plots for a given blast parameter are presented on one
page for ,a'Ih of the four test geometries. Each figure is labeled to hidi-

, t'e the test series, the scaled standoff distance land tile scaled charge

epat',t ioii di.ttance'. All of the pressure, imptilse, duration and arrival
rime t4,at l presented in this section appear in tabular form in Appendix A.
F-or the conventence of the reader, the data are presented on the figures
a,, Ihi thli Appendix in both metric and English units.

Pressi.Ll' i DIt a

The peak pressure data accumulated during this program are shown in
Figures 10 to 14. Figure 10 summarizes the peak pressures resulting from
thiet detonation ot a single charge at four sealed distances from .1 reflecting
surface. Two sealed charge sizes were investigated in the single chalrge
tests to validate the model analysis (0.68 kg (1.5 lb) and 2.29 kg (5.09lb)).
Sitilce the charge size was scaled as dictated by il of the model law, one
woul~d expect pressure to be a function of only the position at which it was

For convenience in present ing the data, the angle it will be represented oil
the figures and in the discussions which follow by its horizontal (x) and
vertical kR) components.

14

• , . 4_ _



measured. This is demonstrated by the A and B series tests (7 -- 0.50 rn/kg 1/1

(1.25 ft/ibl/3)) and the R and S series tests, (Z - 1.19 m/kgl/ 3 (.2.99 ft!,
lbl/3)) where a single line can be drawn through all of the test data.

Note that there is a consistent trend in the four pressure curves shown in

Figure 10. As the measuring point moves away from directly under the charge

(x/R - 0), the peak pressure decays very slowly until x/R approaches 0.2.

This narrow region of gradual pressure change is followed by a legiol in

which the pressure decays substantially until x/R is about 1.S. For valtes

of x/R greater than 1.5, the decay of pressure with Increasiug x/R is again

quite gradual. Vhese three regions may be conveniently thought of as (a)

es;sentially reflected pressure, (b) transition from reflected to side-on

pressure and (c) a region which approximates side-on pressure.*

The pressure generated by three 0.23 kg (0. S ib) charges grouped to-

gether as in Figure 3b, is shown in FI•gure 11. Three different scaled dis-

tances were investigated for this chatie configuration. The solid curve

in Figure 11 represents an "eyeball" fit to the data generated by the groupted

array. The dashed line represents the single charge data for equal scaled

distances. Note that the comparisons given in Figure Ii are between three

0.: 3 kg (0.51 lb) charges and a single 0.65 kg (1.43 lb) charge. This corn-

parison is not intended to demonstrate agreement between single charg'es and

grouped charges but rather to indicate differences in magnitude and

tendency. The reader is rem4 nded that standoff distance (!) of the group

array is measured to the center of mass of the three charge-. The curves

shown in Figure Il exhibit a trend consistent with the variations in pres.-

sure with x/R for the single chi.,ges; however, the pressures are reduced.

This reduction may be due to a lower energy dens t ty of the three charges.

As expected, the gap between tht pressure curves for the single 'charge

and the grouped array decreases as x/R becomes large, subsequent du coalescing
at large x/R values.

Figure 12 presents t"t, v,-riation in pressure for three charges in a

horizontal array at three different sealed distances. The charges in these

tests were separated by C 71 i, (2.33 ft). Above each graph in Figure 12,
the physical charg,, locations, relative to the location Of tile pressure

transducers are represented by citrcles. This convention is used to aid tile

reader .,, visutalizing the locatica of the charges. The comparisons shown

on Yigure 12 are between three 0.23 kg (0.51 1b) charges and a single

0,65 kg (1.43 Ib) charge placed at equivalent scaled standoff distances

from a reflective plane. Tile standoff distance for the horizontal array

is computed as the vertical distance to the center of mass of the three

charges, divided by the total mass of the explosive detonated (i.e.,

0.69 kg (1.52 Ib)). Again, the solid line represettts the trend of thle hor-

izontal array data, and the single charge results are represented by the

dashed linle. Not that for series I and J, the pressure due to the hori-

zontal array exceeds the single charge pressure curve at scaled positions

of 0.5 to over 3.5. Only directly under the center charge (0 x/R 0.5)

is the pressure from the horizontal array less than that given by the

As x/R becomes large, the pressure curve approaches the side-on pressure
which would be generated by a charge with twice the explosive mass at the

same position (7). As the slant distance from the charges to the measurement

positien becomes larger, the pressure in the third region better approxi-

mates the side-on values.
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equivalent single charge curve. This is because contributions from the
outside charges arrive too late to positively reitforce the pressure mea- )
sured directly under the center charge. The converse is also true, con-
tributions from the center charge arrive too late to contribute signifi-
cantly to the pressure under the outside charges. Indeed the pressures
measured directly below the charges in Figure 12 are equal within the
experimental scatter. The implication of this observation is that it is
unfair to compare the single charge results with the pressure from 1/3
the explosive at positions directly under the charges. However, the inten-
tion of presenting the dashed line of Figure 12 was not to demonstrate
agreement between the single and multiple charge results, but rather to
highlight the differences, in both magnitude and general tendency, due to
distributing the charge weight in a horizontal array.

To this point, the discussion of the variation in pressure due to
changing the scaled standoff distance for the horizontal array concentrated
on test series I and J, but not N. This is because no single charge tests
at a scaled standoff of 0.33 m/kgl/3 (2.09 ft/lbl/3) were conducted due to
-in oversight when the program was planned. To place the series N results
into perspective, it was decided to present the single charge curve for
! = 0.67 m/kgl/ 3 (1.69 ft/lbl/3) in Figure 12. A dotted line is used to
emphasize the single cl. ge curve presented for a smaller Z-value. Note
tbat the equivalent cvu e for 7. - 0.83 m/kg1/3 (2.09 ft/lbl/ 3 ) would fall
somewhat below Ohe, dotted line on the series N plot because of the larger
standoff distance. Note that the trends described above for the series I
and .1 tests also apply to the series N results.

Figure 13 shows the variation in peak pressure due to charge spacing
foi horizontal array tests. Three different charge spacings were investi-
gateu 0.7b U1.2 and lo.8 charge diameters), while holding the scaled stand-
off distance constnit at % - 0.83 m/kgl/3 (2.09 ft/inl/3). The charge location
is again represented on this figure by a circle and the single charge curve for

7 0.67 m/kgl/ 3 (1.67 ft/lbh/ 3 ) is presented in absence of data at
Z 0.83 m/kgL/ 3 (2.00 ft/lb 1 / 3 ). The '2orrect reference line would fall
ilightlv below the dotted line on each of the figures. Several observations

can be drawn from Figure 13. First note that the effect of greater charge
sp.lci,,s is to move the position of maximum pressure towards large values
of x '1. !.'or small charge spacings, series P, the pressure curve for the
horizontal array approximates that for a single charge. Since no measure-
-ents were made between charges, it is unclear whether a region of enhanced
pressure irpilar to that described in the previous section and shown on

1or the intermediate charge spacing, series N, a narrow region of
enhanced pressure exists halfway between the charges, and a broader region
exists for x/R " 1.0. These two regions of enhanced pressure are due to
the superposition of the blast output of the two charges nearest the mea-
surement position. The highest pressures occur at x/R - 0.45, or halfway
between charges, because at this point the shock fronts from both charges
arrive simultaneously enhancing the pressure. The single charge blast out-
put exceeds that of the horizontal array in series N for 0 !, x/R < 0.3 and
series Q for 0 sý x/R & 1.1. The reasons for this apparent discrepancy were
described previously, and are due to comparing the output of a single
charge with that of 1/3 the explosive at equivalent distances. Beyond
x/R - 0.3 for series N and 1.1 for series Q, superposition of the blast
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output of the two nearest charges results in significantly higher ptes-u ,It I
than would be observed from a single charge. Although only a narIow I- L0ion
in x/R was explored in these tests, it is apparent that th,' point where titt,
horizontal array pressure begins to approximate the single charge results

is a function of the charge spacing. Closely spaced charges will appioNt-
mate single charge pressures at smalle," scaled positions than wide ly space, d
charges.

The peak pressures resulting from three charges placed in a vevttc;l
array are shown in Figure 14. In this case the charge spacing was faly
narrow, 2.28 charge diameters. The comparison shown on Figure 14 Is between
three 0.23 kg (0.51 lb) charges and one 0.65 kg (1.43 Lb) charge. The
standoff distance for the vertical array is computed in the vertical dis-
tances to the center of mass divid.,d by the cube root of the total mass ot
explosive detonated. Not ice that at scaled distances approaching, x/R = 0
and x/R '- 1.75, the peak pressure for the vertical array tests exceeds that
for a single charge. Unfortunately, only one combination of charge spacinlg
and standoff distance was investigated for vertical arrays. It Is therefore
not clear whether regions of enhanced pressure would exist for difterent
combinations of Z and s. Further vertical array tests should be conducted
to see if the trends shown in Figure 14 apply tO other charge spacings and
standoff distances.

Impulse Data

'fihe iimpuilse data obtained by numerical ly integrating the pres-sure-
time curves is given in Figures 15 to 19. AlI of the impulse data is

plotted in scaled format as dictated by Equation 8. As noted previos-lyV,
the impulse t'rom multiple charge tests is scaled by the total charge
weight detonated. Scatter in the data, represented by the line drawn from
the mli,. mnum to the maximum value recorded at a given value of x/R, is gcn-
erally larger for impulse than for pieak pressure. Several factors colltr1-
bute to the larger scatter, including thermal drift and uncertaint is in
determining the positive duration. The impulse for s ing1 e charges at four
scaled distances from a reflecting plane is shown in Figure 15. As men-
tioned in Sectton 1i1, the scaled charge size was varied in the A-11 and
R-S test series. According to the model law, the impulse from different
charge weights (at a constant Z) can be collapsed to a single curve by ska I -
ing the impulse by the cube root of the charge weight. This is denmonstrated
in the A-B and R-S graphs in Figure 15.

Consistent trends in the impulse curves in Figure 15 can be observed.
At small values of x/R, generally less than 0.5, the Impulse decreases
slightly. This region may be thought of as a region of essent ia 1 ly ref lected
impulse anti corresponds to the region of essentially reflected pressure
previously discussed. For values of x/R greater than 0.5, the impulse de-
clines more rapidly.

Figure 16 presents the impulse generated by the grouped array at
three different scaled distances. The general trend exhibited by the single
charge tests is followed by the grouped array tests. Note that the dispar-
ity between the single charge and the grouped array tests is not as great
as was true for pressure. This is particularly true at x/R - 0, where tho
impulse measured for the grouped array essentially equaled the single chllarg
results. As is expected the impulses for the grouped array appear t, ce,,-
verge towards the single charge results for larger values of x!R.
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Figures 17 and 18 present the variation in impulse for horizontal
arrays due to variation in charge standoff and charge spacing. Note that
the position of the chaiges has been included in these figures as was don.

in the previous section. All of the trends discussed in the previous s,,c-
tion for peak pressure are directly applicable to the impulse curves.
seen in Figure 17, a region of enhanced impulse is found between the tw,
nearest charges. This region of enhanced response is more pronounced than
for pressure ,Figure 12). The enhanced impulse is probably caused partlally
by the contribution to the impulse from the third charge and by a slight
elongction of the positive durat ion. The effect of varying the charge spac-
ing on impulse is shown In Figure 18. Notice that the general shape of the
impulse curves are quite similar -.c the pressure curves shown in Figure 13,
but discrepancies between the horizontal array and the single charge re-
sults are generally more pronounced. The one exception to this observation
occurs when the charges were spaced the fa Shest apart, Series Q. Itere the
impulse is nearly constant at 450 Pa-s/kg . (50 psi-ms/lbl/3) over the

entire range of x/R. Another observation which can be drawn from the hor-
izontal array tests, Figures 17 and 18, is that as x/R becomes large, the
curves for the single and horizontal array impulse begin to converge. This
is particularly apparent for the curves shown in Figure 17. For wide charge
spacings, (Series Q), the point at which the t,'o curves beg in to overlap is
beyond the range of x/R tested.

The impulse resulting from three charges placed in a vertical array
are shown In Figure 19. '.'he \,ariat ions in imp)ulse with x/R is virtually
the same as for pressuce (Figure 14), and therefore the comments made In
the section for pressure art, directly appl icable to Figure 19,,

l)urat ion Data

The dutation data accumulated during this program are given in Figures
20-24. All of the duration data are presented in a scaled format as required
by Equation 10. For multiple charge tests, the duration is scaled by the
total charge weight detonated rather than by the weight of an individual
charge. Scatter in the data is greater for duration than for any other par-
ameter measured during the program. The factors contributing to the scatter
ore the same which affect the reproducibility of the impulse measurements:

thermal drift and uncertainty in determining the time at which the pressure
drops below the time axis. Several observations can be drawn from Fig-
ures 20-24. which apply to all charge geometries. First, the general trend

•s •ar the iration to gradually increase as x/R gets larger. The duration
measurements weme seldom below 0.15 ms/kgl/ 3 (0.115 ms/lbl/3) or greater
than 1.0 ms/lb 1 / 3 (0.768 ms/lbl/ 3 ); a change of less than one decade.
Apparent exceptions to this observation are found in the duration measure-
ments for the horizontally spaced charges (Figure 22) where the duration
declines direct.', under the outside charge. Note, however, that as x/R
increases from zero, the duration increases until the measuring point is
hlwIfway between charges. Further increases In x/R moves the measuring point
cLoser to the outside charge, and the duration in turn decreases until the
measuring point is directly under the charge. Beyond this value of x/R,
the duration increases monotomically. Except for the decrease in the dura-
tion directly under the outside charge for the horizontal array, no signi-
ficant variation in the duratiun with charge geometry was observed.
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Time of Arrival Ml3at

The t ine of ar r Na I of thle julit t I alShock f ront I s show- ii ill 1,i ýrc
AllI of the arrivalI t line data art, presented in it scal ed f ormat as d ictat cd, ',v
Equat ion 9. Scat ter in the data is thle smat I lest observed duringilý t hit plrograml.
All of the plots In Figure 25 present thle initial shock front arrivail att
each gage. The distance whitch i setocalculate :.for p.k11Ioiint i it
distance from tile gagev to thle nva rest charge. The charge we ~i ht used t t
scalIe the t tine o f arr ivalI and Iin comlpuit tuig thlit scal1ed di s~t ncek isý theit to0tal
charge weight detonated for single charge, grouped and \'crt ica a rray\ test ;,
but thle we ight of ain individual charge ior the lior I .'oit a array test S . The
scal luig relat ionships foi arri-val t ine: col-Ilapse thlt d.ot~a to where a I I f our
c ha rge geome tr ie s ,oul Id bev plIo t ted on one f igu re w It hou t In creaing 11 lthe
Scatter apprec tably.

Con~itriono S i Ch arge Results

Pressure andl impuilse are most oft tenl presente cii s pl ot s of, oitlt, her no-
nal IlIv re~flected or 4ide-on Parameter-s as a functioll of thlt skealed distanlce,
Hioweve r, for many applIicat ions it is desirable to know thet pressurve aict i 1W
onl a ref I cct Ilug SUr7face alt posit i)IonS wher-Ote I it hr side-on nor norma I I v
reflcc tive measurements alre alpproplriatev. For this reasoni, F I gui-es 2t n and
'7 represent a composite of datta from thtis repo-rt a-nd from referenices ,

aind l).in these figýures the peak pressure and til-, scaLed syloc if it imptil se
are plotted ats a function of the scaled posit ion x/R. Each cuirve in t h.,s

f -igures is tor a dlifferent, value of the scaled standoff distance 7, '1and this
N~ l~iae i l e0111lttl 1)Irlf 1 ca.11gt 0110'i'011 tV

men~t sWith o litlt' Miad p~r imar ily Compos it ion C-4 meiasurement s



CONCLUSIONS AND RECOMMENDATIONS

A total of 44 tests was conducted at scaled distances ranging from
0.335 m/kgl/3 (0.84 ft/1bI/ 3 ) to 1.18 m/kgl/3 (3.0 ft/lbl/3). Four differ-
ent charge geometries were studied: single charges and grouped, horizontal
and vertical arrays. Based on the results of these tests the following
observations can be made:

(1) The validity of the model law has been verified for single charges
by numerous researchers (2, 3, 4), which is consistent with the
single charge data contained in this report. No attempt to verify
the m ,el law for multiple detonations was made during this project.

(2) The pressure and impulse for grouped arrays at small scaled dis-
tances are lower than for single charges. The disparity between
grouped array and single charge pressure is more pronounced than
for impulse.

(3) For horizontal arrays, regions exist where the pressure and
impulse exceed what would be expected from a single charge.
The locatior of maximum response is dependent on the charge
spacing and the standoff distance, but generally is found
halfway between charges. Other regions of enhanced pressure
and impulse exist just beyond the outside charge. For very

iude charge spacings, the pressure and impulse ar nearly con-
stant over the entire range in x/R. For very narrow charge
spacings, the regions of enhanced pressure are less pronounced
than for intermediate charge spacings.

(4) Only one combination of charge spacings and standoff distances

was investigated for vertical arrays. The results indicated
that two regions of enhanced pressure and impulse exist: one
directly under the vertical array and another for x/R > 1.5.

(5) The tests conducted verified the expectation that at large
scaled distances, the blast parameters measured for multiple
charges could approach those of a single charge. The distance
at which the curves begin to coalesce is apparently the great-
est for widely spaced horizontal arrays and the smallest for
grouped arrays.

(6) No significant variations in the positive duration were observed
for the different test geometries.

Based on the above observations, the following recommendations are made:

(1) Although the scaling law has not been verified for multiple
detonations, the measurements in this report can be used to
obtain a more racional design for munition processing plants.
Caution should be exercised, however, when extrapolation of
these results is required beyond the scaled distances, posi-
tions, or charge sizes tested.
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(2) Multiple detonation tests with several different charge size
and standoff distance combinations should be planned to verifyI
the complete model analysis.

(3) Only one combInation of scaled distance and charge spacing was
investigated for vertical arrays. These tests should be repeated
to determine whether the trends described in (4) of the conclu-
sions will exist for other values of Z and s/r.

(4) The gage placement for the horizontal array tests resulted in
poor resolution of the variation in response as a function of
x/R. particularly in the region between charges. Should tests
of this nature be repeated in the future, more measurement posi-
tions should be provided in this critical region.

(5) Computer programs which could predict the pressure and impulse
acting on a barrier due to multiple charge detonations do not
exist at the present time. A three dimensional program would
be required, and even if available would be very expensive to run.
A cheaper and probably as accurate prediction technique can be
devised, based on empirical observation and Equations 8-10.
However, the data presented in this report are probably in-
sufficient to accomplish this goal. Therefore, further multi-
ple detonation tests should be conducted and an attempt should
be made to generate empirical predictioL techniques.
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Upper Trace: Ref. Trans-
ducer
Lower Trace: Test Trans-
ducer
Peak Pressure: 38.3 MPa
(5560 psi)
Sweep: 1.0 ms/division

Upper Trace; Ref. Trans-
ducer
Lower Trace: Test Trans-
ducer
Peak Pressure: 46.0 MPa
(6670 psi)
Sweep: 1.0 ms/division

FIGURE 8. CALIBRATION TRACES FOR PRESSURE TRANSDUCERS
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FIGURE 9. SAMPLE OF REDUCED DATA FOR GAGE 9, TEST 35 (HORIZONTAL ARRAY)
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FIGURE 10. PEAK PRESSURE FOR SINGLE CHARGE TESTS
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FIGURE 10. PEAK PRESSURE FOR SINGLE CHARGE TESTS (CONT'D)
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III
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FT CU•RE 10. PEAR PRESSURE FOR SINGLE CHARGE TESTS (CONT 'D)
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TEST SERIES R&5 legal

Zu 1. 195 /6/ 2.55 F'T/L 1.5/)
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FIGURE 10. PEAK PRESSURE FOR SINGLE CHARGE TESTS (CONT'D)
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FIGURE 11. PEAK PRESSURE FOR GROUPED ARRAY TESTS
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FIGURE 11. PEAK PRESSURE FOR GROUPED ARRAY TESTS (CONT'D)
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FIGURE 11. PEAK PRESSURE FOR GROUPED ARRY TESTS (COND)
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FIGURE 12. PEAK PRESSURE VARIATIONS DUE TO CHARGE
STANDOFF FOR HORIZONTAL ARR~AY TESTS

39



I HIIIU _____

TEST SERIES 3 I miles

Zu 1.67 W/KS1"3 ( I.66 FT/L/1.)
S/r - 11. 2/
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FIGURE 12. PEAK PRESSURE VARIATIONS DUE TO CHARGE
STANDOFF FOR HORIZONTAL ARRAY TESTS
(CONT 'D)
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TEST SERIES N mlm
Zu 0.63 HAS i/3( 2.89 FT/LB'5 )

S/r - 11.2

mum

FIGURE 12. PEAKC PRESSURE VARIATIONS DUE TO CHARGE
STANDOFF FOR HORIZONTAL ARRAY TESTS
(aONT'D)
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Z- 1.93 W/KSt"3( 2.19 FT/L. )
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•moolooi~iolow
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"FIGURE 13. PEAK PRESSURE VARIATIONS DUE TO CHARGE
SPACING FOR HORIZONTAL ARRAY TESTS
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FIGURE 13. PEAtK ?IRZSSUftE VARIlATTOUS DUE TV CRACIG!

SPACING FOR MORIZOMTAL ARRAY TESTS

(cOV'VD)
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FIGURE 14. PEAK PRESSURE FOR VERTICAL ARRAY TESTS
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FIGURE 15. SPECIFI, LMPULSE FOR SINGLE CHARGE TESTS
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FIGURE 15. SPECIFIC IMPULSE FOR SINGLE CHARGE TESTS (CONT'D)
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FIGURE 15. SPECIFIC IMPULSE FOR SINGLE CIARGE TESTS (CONT'D)
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FIGURE 16. SPECIFIC IM•PULSE FOR GROUPED ARRAY TESTS
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FIGURE 16. SPECIFIC IMPULSE FOR GROUPED ARROY TESTS (CONT'D)
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FIGUIRE 16. SPECIFIC 1MPVLSE FOR GROUPED ARRAY TESTS (CONV'D)
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S/r 11.2

+ l i

..Ilia

X/R
1•: I. 11 2.11~ 3.11m ' 4 .1 K.U

FIGURE 17, SPECIFIC IMPULSE VARIATIONS DUE TO CHARGE
STANtXDFF FOR HORIZONTAL ARRAY TESTS
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S/r - 11.2

•:zL Iuu~ i --U•

Ccc

d IS II
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FIGURE 17. SPECIFIC IMPULSE VARIATIONS DUE TO CHAR(;E
STANDOFF FOR HORIZONTAL ARRAY TESTS
(CONT'D)
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TEST ¶RAIES N

Z* 1..3 WI'K5IS C 2.19 M T/LE'A )

S/r 11.2

II
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xR

FIGURE 17. SPECIFIC IMPULSE VARIATIONS DUE TO CHARGE
STANDOFF FOR HORIZONTAL ARRAY TESTS(CONT'D)
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FIGURE 18. SPECIFIC IMPULSE VARIATIONS DUE TO CHARGE
SPACINC FOR HORIZONTAL ARRAY TESTS
(CONT'D)
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FIGURE 18. SPECIFIC IMPULSE VARIATIONS DUE TO CHARGE
SPACING FOR HORIZONTAL ARRAY TESTS (CONT' D)
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FICURE 18. SPECIFIC IMPULSE VARIATIONS DUE TO CHARGF
SPACINC FOR HORIZONTAL ARRAY TESTS
(CONT' n)
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FIXR 19. SPECIFIC IMUS O ETIA RAET
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FIGURE 19. SPECIFIC IMPULSE FOR VERTICAL ARRAY TESTS
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FIGURE 20. POSITIVE DURATION FOR SINGLE CHARCE TESTS
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FIGURE 20. POSITIVE DURATION FOR SINGLE CHARGE TESTS (CONT'D)
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FIGURE 20. POSITIVE DURATION FOR SINGLE CIHARG• TESTS (CONT'D)'
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FICURE 21. POSITIVE DURATION FOR G;ROUPED ARRAY 'rESTS
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FI(URE 21. POSITIVE DURATION FOR GROUPED ARRAY TESTS (,CONT"D))
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FIGURE 22. POSITIVE DURATION VARIATIONS DUE TO CHARGE

STANDOFF FOR HORIZONTAL ARRAY TESTS

(CONT'D)
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FIGURE 22. POSITIVE DURATION VARIATIONS DUE TO CHARGE

STANDOFF FOR HORIZONTAL ARRAY TESTS(CONT'D)

68

,I1•



I,

TEST SERIES P

Zm B. WKS 1.3 C 2.89 FT/LAI1/)

S/r= S.8
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FIGURE 23. POSITIVE DURATION VARIATIONS DUE TO CHARGE
SPACING FOR HORIZO"~TAL ARRAY TESTS
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FIGURE 23. POSITIVE DURATION VARIATIONS DUE TO CHARCESPACING Fr)R HORIZONTAL ARRAY TESTS (CONT'D)
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FIGURE 23. POSITIVE DUflAT[ON VARIATIONS DUE TO CH4ARG•E
SPACING FOR HORIZONTAL ARRAY TESTS (CONT'l•)
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FIGURE 24. POSITIVE DURATION FOR VERTICAL ARRAY TESTS
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FIG;URE "25a. ARRIVAL TIHE OF INITIAL SHOCK FRONT
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FIGURE 25b. ARRIVAL TIME OF INITIAL SHOCK FRONT

FOR A GROUPED ARRAY TESTS
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FIGURE 25c. ARRIVAL TIME OF INITIAL SHOCK FRONT
FOR A HtORIZONTAL ARR1AY TESTS
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FIGURE' 75d. ARRIVAl. 'TIM OF INITIAL SHOCK FRONT

FOR A V.RT!CAl, ARRAY TESTS
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Table 1. List of symbols

Svmbo 1 Defin it ion Unit t

E Energy released by the explosive FL

r Radius of charge L

Ye Explosive products specific heat ratio

Pe Density of explosive FT2 L4

a Explosive detonation velocity L/Te

g Effective limit for explosive detonation L

P Ambient air pressure F2/I
a

a Sonic velocity in air L/T
a

Pa Ambient air density FT2/1 4

0 Ambient air temperature 0
a

•a Specific heat ratio of air

S Specific entropy L2/T20

U Shock velocity L/T

2 4p Gas density in shock wave FT /I,

u Particle velocity in shock wav. L/Ts

a Shock front temperatures

R Standoff distance I

Charge spacing

) Shock front encounter angle

P Pressure F/l,

I Specific Impulse

t Time T

t Arrival time of shock wave T
a

td Shock wave duration T
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w2 - s/iR
2 geometric siallarity

3 & gAf

4 "

" 1 uaiilar explosives

I7 - aelaa
w7 a*aa

w8 " Ui/aa"

w U /a:9 U 9s/aa ki•matic simliarity

101
WlI •• similar atmosaphere@

•ssa a1/3

w 12 a E " R modified Sach's scaling

'l3 P5'~a 1V 13 e/a

w14 " sa/la similar shocks

1 MP/Pa

P R scaled pressureV 16 9

Ia
a scaled impulse

17-r w

P 1/3

1/3Pa

"19 I tdaa (a ) scaled time

a t
"20 R
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TABLE 3.
REPLICA SCALING LAW FCR MULTIPLE DETONATIONS

Quantity Symbo I Scale Factor

Length r, si, g, R

Impulse I

Time t, tdo ta

Velocity Ui, U, a 1.0

Specific Ht Ya' Ye 1.0

Entropy S 1.0

Density Pat Pet PS 1.0

Pressure Pa' P 1.0

Temperature est 0 1.0

Angle 1.0

Energy E A3
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APPENDIX
DATA SUMMARIES

Table A.1 Metric Unit Summary

Single Charge Tests
Grouped Array Tests
Horizontal Array Tests
Vertical Array Tests

Table A.2 English Unit Summary

Single Charge Tests
Grouped Array Tests
Horizontal Array Tests
Vertical Array Tests
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TABLE A. 1 METRIC UNIT SUMMAR~Y
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Dugway, UT 84022

Commander
Savanna Army Depot
Savanna, IL 61704

Civil Engineering Laboratory
Naval Construction Battalion Center

ATTN: L51
Port Hueneme, CA 93043

Commander
Naval Facilities Engineering Command
(Code 04, J. Tyrell)
200 Stovall Street
Alexandria, VA 22322

Commander
Southern Division
Naval Facilities Engineering Command
ATTN: J. Watts
PO Box 10068
Charleston, SC 29411

Commander
Western Division
Naval Facilities Engineering Command
ATTN: W. Moore
San Bruno, CA 94066

Officer in Charge
Trident
Washington, DC 20362
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Commander
Atlantic Division
Naval Facilities Engineering Command
Norfolk, VA 23511

Commander
Naval Ammunition Depot
Naval Ammunition Production

Engineer.ng Center
Crane, IN 47522

US Army TRADOC Systems
Analysis Activity

ATTN: ATAA-SL (Tech Lib)
White Sands Missile Range, NM 88002

Commander
US Army Armament Materiel and

Readiness Command
ATTN: DRSAR-LEP-L
Rock Island, IL 61299

US Army Materiel Systems
Analysis Activity

ATTN: DRXSY-MP

Aberdeen Proving Ground, MD 21005

Weapon System Concept Team/CSL
ATTN: DRDAR-ACW
Aberdeen Proving Ground, MD 21010

Technical Library
ATTN: DRDAR-CLJ-L
Aberdeen Proving Ground, MD 21005

Technical Library
ATTN: DRDAR-TSB-S
Aberdeen Proving Ground, MD 21010

Technical Library
ATTN: DRDAR-LCB-TL

Benet Weapons Laboratory
Watervliet, NY 12189
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Commander
Radford Army Ammunition Plant
Radford, VA 24141

Commander
Newport Army Ammunition Plant
Newport, IN 47966

Officer in Charge of Construction
Trident
Ukngor, WA 98436
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